The authors have been engaged in developing a new paradigm for estimating dynamic O-D travel time and flow on a freeway corridor. The fundamental framework is to 1) develop a Neural-Kalman filter (NKF) method, which is a new algorithm by integrating artificial neural network (ANN) model into a Kalman filter, 2) introduce a macroscopic model for predicting traffic states in advance and 3) estimate dynamic O-D travel time and flow simultaneously within one process. The NKF method was originally proposed by Nakatsuji et. al.1)2), and was modified in steps by Suzuki and Nakatsuji 3)4)5) to estimate O-D travel time and flow on a freeway: A basic concept of the new model was briefly described in Suzuki and Nakatsuji 3)5). They presented how to formulate the Kalman filter to consider the influence of traffic situations for arbitrary number of time steps as long as necessary 3)5). This development enabled the NKF to be applied for the dynamic estimations of O-D travel time and flow on long freeways. The integration of ANN models into a Kalman filter was found effective in describing the non-linear features of dynamic O-D travel time and flow 3)5). An advance prediction of traffic states by the macroscopic traffic flow model contributed in improving the estimation precision 4)5). The parameters of a macroscopic model were independently optimized for each road link of the expressway to improve an estimation precision3), and a sigmoid function of ANN model was also modified to improve the training performance 4). Some numerical analyses were carried out using simulated traffic data on the expressways in Bangkok Metropolis, Thailand 3)4)5). In this way, the first and second objectives of the framework mentioned above have been almost realized and examined through some numerical analyses using traffic data simulated by a microscopic traffic simulation package, FRESIM 6). However, the last objective still remains unresolved.
This paper aims to 1) re-formulate the NKF model so as to estimate O-D travel time and flow simultaneously , 2) investigateh ow precise simultaneous estimations are , and 3) the influence of measurement points on the estimation precision . Here, a macroscopic model is not used because the analyses fully investigated the effect of the simultaneous estimations or the number of measurement points on estimations of O-D travel time and flow . Firstly, the theory of a NKF model is briefly reviewed with the modification done in the NKF model to treat both O-D travel time and flow simultaneously . Then, the subjects mentioned above are investigated taking the Second-Stage Expressway in Bangkok as the experiment field . Finally, a conclusion and a recommendation are given based on the discussions of the numerical analyses .
2.Model Description
The fundamental structure of the NKF model and the computational procedure are almost same as described in the previous studies by Suzuki and Nakatsuji3)4)5). To avoid the duplication with the preceding papers , here only a brief description of NKF model is presented. In this study, however, the macroscopic model was not included in the NKF model to examine the effect of the number of measurement points more clearly. x(k ) = corrected state variable x(k) after measuring y(k)
What is different from the previous model is that the vector z(k) has both O-D travel time and flow in order to estimate them within one process. A Kalman filter consists of the following Equations:
(1) 
Effect of Simultaneous Estimation
(1) Field Data Collection A simultaneous estimation was carried out on the Expressways in Bangkok, as illustrated in Fig. 1 . The distance between Thammasat (TU) on-ramp to Bang Na (BN) off-ramp is 49.03 km. Drivers are able to enter and exit the expressways at thirteen and eleven on-and off-ramps between TU and BN. Three O-D pairs with large traffic volumes were selected for the numerical analysis. These are: Chiang Wattana (CW) to BN, Ngam Wongwan (NW) to BN, and Rachada Phiseki (RP) to BN. The distance of each O-D pair is 25.88, 21.40 and 17.79 km, respectively.
The basic filed data were collected on 22 (Tue) and 23 (Wed) December 1998 by manual counting as well as video camera recordings since the traffic surveillance system has not been operational in Bangkok yet. The data of on-and off-ramp volumes, A NKF requires a lot of data sets to calibrate ANN models of state and measurement equations of a Kalman filter. The traffic data sets must cover extensive traffic situations from light to congested states. However, it is almost impossible to collect such traffic flow data only from the real world. Therefore, an expressway network, which imitates the expressways in Bangkok, was virtually created by a microscopic traffic simulation package called FRESIM.6) The actual field data collected on the first day were used to calibrate the FRESIM model parameters. The second day traffic data were used for validating the FRESIM model. After validating the FRESIM model , traffic data were generated by FRESIM for various traffic situations.
The inflow volumes and the ratios of heavy vehicle were not measured at minor on-ramps. They were determined from the traffic data collected by the Expressway and Rapid Transit Authority of Thailand (ETA) on 22nd November 1997.15) (2) Calibration and Validation of a FRESIM Model
The parameters of FRESIM models must be carefully adjusted in order to simulate actual traffic flows as precisely as possible. Two parameters were specified to be influential; a free flow speed and a car-following parameter. The free flow speed on each link was estimated from actual speed data collected at the nearest measurement point. The carfollowing parameter was calibrated on a trial and error basis so as to minimize the difference between the estimated and measured link flow volumes and spot speeds on three measurement points. After the calibration, the FRESIM model was validated to check whether it was capable of simulating the actual traffic flows of the second data. Tab. 1 depicts the result of a t-test, comparing the difference between the averages of actual and simulated measurement variables. Since all t-values in Tab. 1 were less than the critical value of 2.0687, it was justified that there was no significant difference between the actual and simulated volumes and spot speeds. (1) and (2). The number of hidden layer was fixed to be 1 with twenty neurons, which was the half number of that in the input layer.
This study assumed that traffic detectors were installed at three measurement points (1), (2) and (3) on mainline freeways and at three off-ramps SV, RM and BN, as shown in Fig.1 . The detectors on the mainline freeway give both link traffic volumes and spot speeds, while those on the off-ramps yield outflow volumes only. Therefore, the total number of measurement variables are 9. Similar to the ANN model for the state equation, another ANN model with three layers was defined for measurement equation. The number of neurons in each layer was, therefore, 40-20-9, respectively. (1) Traffic Data Another virtual freeway corridor was modeled imitating the expressways in Bangkok, as shown in Fig. 6 . The freeway is approximately 30 km long with several on-and off-ramps. The number of on-and off-ramps remained the same as that on the previous expressways in Fig. 1 . It was assumed that the freeway was equipped with at most ten traffic detectors; seven were used to observe link traffic volumes and spot speeds on the mainline, the other three were for outflow volumes at off-ramps D1, D2 and D3. The detectors were installed every one or two kilometers from the first measurement point (1) , which was located at 10.52 km downstream of an origin 01. The same three O-D pairs, O1-D1, O1-D2 and O1-D3, were adopted. The O-D travel time/flow and measurement variables, such as link traffic volume, spot speed and off-ramp volumes, were aggregated every 5 minutes. Three time steps, which theoretically provide 15 data sets of O-D travel time and flow over 1.5 hours of simulation period, were adopted as the preceding time steps in Eqs. (3) and (4). ( 
2) Calibration and Validation
Inflow volumes with different random seed in FRESIM yield different traffic patterns. Since each simulation run produced twelve data sets for each input pattern, six different random seeds eventually provided 864 data sets in total. These are enough to train the ANN models of both state and measurement equations because the number of synapse weights of the ANN models is 216 and 297, respectively.
Two data patterns of "Light" and "Heavy" were selected out of twelve in order to validate the effect of the number of with the different number of measurement points. The effect of the number of measurement points on the estimation precision was evaluated for both "Light" and "Heavy" traffic conditions, assuming three cases with different sets of measurement points; Cases 1, 2 and 3, as shown in Tab. 2. Case 1 employed only three points; two points (1) and (4) on a mainline, and one at the off-ramp D1. In Case 2, two more points of (2) and (5) were added on the mainline, and outflow volumes were measured at both D1 and D2. The last case used all detectors of (1)to (6) installed on the mainline and three off-ramps of D1, D2 and D3, as depicted in Fig. 6 . (6) were changed from severe congested flow to free flow states at a high speed. The changes were detected at the end of simulation time in Case 3. Since the changes were quite significant, and both detectors were closely located in 800 meters, the changes of traffic conditions measured by (5) and (6) have significantly influenced on the O-D flow estimations by Case 3. As mentioned in Chapter 3, a NKF sometimes gives fluctuated estimates. Two similar detector outputs by the detectors (5) and (6) made the NKF more sensitive in the O-D flow estimations. 6 
